SUMMARY
In addition to α,β-elimination of L-cysteine, Treponema denticola cystalysin catalyzes the racemization of both enantiomers of alanine accompanied by an overall transamination. Lys-238 and Tyr-123 or a water molecule, located on the si and re face of the cofactor, respectively, have been proposed to act as the acid/base catalysts in the proton abstraction/donation at Cα/C4' of the external aldimine. In this investigation, two site-directed mutants, K238A and Y123F, have been characterized.
The Lys → Ala mutation results in the complete loss of either lyase activity or racemase activity in both directions or transaminase activity toward L-alanine. However, K238A mutant is able to catalyze the overall transamination of D-alanine, and only D-alanine is the product of the reverse transamination. For Y123F the k cat /K m is 3.5-fold reduced for α,β-elimination, while it is 300-400-fold reduced for racemization. Y123F has about 18% of wild type transaminase activity with L-alanine and an extremely low transaminase activity with D-alanine. Moreover, the catalytic properties of the Y124F and Y123F/Y124F mutants rule out the possibility that the residual racemase and transaminase activities displayed by Y123F are due to Tyr-124. All these data, together with computational results, indicate a two-base racemization mechanism for cystalysin in which Lys-238 has been unequivocally identified as the catalyst acting on the si face of the cofactor. Moreover, the studies highlight the importance of the interaction of Tyr-123 with water molecules for efficient proton abstraction/donation function on the re face.
by guest on November 17, 2017 http://www.jbc.org/ Downloaded from hydrogen was abstracted; and (iv) the second transaldimination between IV and Lys-238 to release the product enantiomer of alanine. An equivalent route can be delineated for D-alanine. The transamination catalyzed by cystalysin is probably attained through the sequences I → II → III → VI or V → IV → III → VI for L-and D-alanine, respectively.
As a first step to test the hypothetical function of Lys-238 and Tyr-123 in the catalysis of cystalysin, the enzymatic activities of K238A and Y123F mutants were determined. The results provide evidence in support of our previously proposal (5) of a two-base racemization mechanism of both enantiomers of alanine. However, only the PLP-binding lysine, Lys-238, has been unequivocally identified as the catalyst acting on the si face of the cofactor. In fact, the Y123F mutant exhibits poor racemase and transaminase activities. A previous modeling study of the binding modes of enantiomers of alanine to wild-type cystalysin has indicated that Tyr-124 is too far from the α-hydrogen of the substrate (4.1 Å) for the α-proton abstraction (5) . However, it cannot be excluded that the geometry of the active site could be altered upon replacement of Tyr-123 by phenylalanine. Thus, the possibility that the catalytic function of Tyr-123 could be replaced by Tyr-124 has been addressed by the spectroscopic and kinetic characterization of Y124F and Y123F/Y124F mutants. These studies show that Tyr-124 can not replace Tyr-123. Therefore, the role of Tyr-123 and/or water molecules in performing the proton abstraction/donation function on the re face of the cofactor is discussed.
EXPERIMENTAL PROCEDURES
Materials-PLP, pyridoxamine 5'-phosphate (PMP), β-chloro-L-alanine, L-and D-alanine, NAD + , NADH, pyruvate, rabbit muscle L-lactic dehydrogenase, alanine dehydrogenase in 50% glycerol, Damino acid oxidase, and isopropyl β-D-thiogalactopyranoside were from Sigma. All other chemicals were of the highest grade commercially available.
Site-directed Mutagenesis-All mutant forms of cystalysin were made on the wild-type construct pUC18:hly (10), using the QuickChange 5'-CATTATCATCACACCGGTTTTTTTTCCTTTCTTTAT-3',  and  their  complementary oligonucleotides, respectively.
The coding regions of the mutated hly gene were sequenced to confirm the mutations. E. coli strain DH5α cells were transformed and used for expression.
Expression and Purification of mutants Cystalysin-
The conditions used for expression of the mutant proteins in E. coli were as described for the wild-type enzyme (2) . The wild-type and mutant forms of cystalysin were purified to homogeneity with the procedure previously described (4). The K238A mutant was obtained as previously reported (4) . The protein concentration in all cystalysin samples was determined by absorbance spectroscopy using a previously determined extinction coefficient of 1.27 x at 388 nm (11) .
Enzyme Activity Assays-The α,β-eliminase activity of cystalysin was measured by the spectrophotometric assay coupled with lactate dehydrogenase as previously described (2) . Conversion of alanine in L → D or D → L direction was measured using D-amino acid oxidase and lactate dehydrogenase or L-alanine dehydrogenase as the coupling enzymes, respectively, as already reported (5) . The detection and quantification of PLP and PMP content were performed using the HPLC procedure described previously (12) . To determine the kinetic parameters of the catalytic activities, the assays were performed as indicated above using a fixed amount of enzyme, while the substrate concentration was varied from 0.02 to 10 mM and from 0.15 to 500 mM for eliminase and racemase or transaminase activities, respectively. The experimental data were fit into the Michaelis-Menten equation to determine K m and k cat values.
Binding affinity of Y123F, Y124F and Y123F/Y124F mutants for PLP cofactor-The apparent equilibrium constant for dissociation of PLP from Y123F, Y124F and Y123F/Y124F was determined by measuring α,β-eliminase activity of the apoenzymes (0. 6 µM) in the presence of PLP ranging from 0.01 to 9 µM. The K d value of the enzyme-coenzyme complex was obtained using a tight-binding hypothesis according to the following eq.: to the enzymatic activity when all enzyme molecules are complexed with coenzyme.
Molecular modelling -The BUILDER package from InsightII (V.2000, MSI, Los Angeles, USA) was used to model the D-alanine-PLP and L-alanine-PLP conjugates, using the PLP-serine complex present in the crystal structure of serine hydroxymethyltransferase from B. stearothermophilus (13) as template. Tyr-123 and Tyr-124 from the crystal structure of cystalysin (PDB code 1C7O) in its dimeric form were then mutated to phenylalanine to obtain the single Y123F and the double Y123F/Y124F mutants, using the BIOPOLYMER package from InsightII. Both complexes were positioned into the modified active sites following the binding mode of aminoethoxyvinylglycine (3).
All minimizations were carried out using the Cff91 forcefield, as implemented in Discover 2.9 and Analysis package of InsightII. Active site solvent molecules, as present in the crystal structure, were considered. Non-bond terms were truncated at 40 Å (smoothing from 36 Å), with a switching function for van der Waals and electrostatic terms. Since the other water molecules were not explicitly included, a distance-dependent dielectric was used throughout the minimizations. The minimization protocol is described elsewhere (2) . Briefly, after an initial minimization performed on the whole system to allow added hydrogens to adjust to the crystallographically defined environment, a gradually decreasing tethering force using steepest descents and conjugated gradients was applied to the whole system until the system was totally relaxed. The maximum derivative achieved was 0.0001 kcal⋅mol -1 Å -1 . Only the PLP-Ala complex and mainchain and sidechains of every residue within 20 Å from the external aldimine were free to move.
Spectral measurements-Absorption measurements were made with a Jasco V-550 spectrophotometer.
The enzyme solution was drawn through a 0.2 µm filter to reduce light scattering from a small amount of precipitate. Fluorescence spectra were taken with a FP-750 Jasco spectrofluorometer using 5 nm excitation and emission bandwidths at a protein concentration varying from 0.9 to 2.2 µM. Spectra of blanks, i.e. of samples containing all components except cystalysin, were taken immediately before the measurements of samples containing protein. The blank spectra were subtracted from the spectra containing the enzyme. CD spectra were obtained using a Jasco J-710 spectropolarimeter with a thermostatically controlled compartment at 25°C. For near-UV and visible wavelengths, the protein concentration varied from 0.6 to 1 mg/ml in a cuvette with a 1 cm path length. Routinely, four spectra were recorded at a scan speed of 50 nm/min with a bandwidth of 2 nm, and averaged automatically Curve fitting analysis-All data analysis to determine model-derived kinetic parameters was performed by nonlinear curve fitting using MicroCal Origin 3.01 (MicroCal Software, Inc., Northamton, MA).
RESULTS
We have used site-directed mutagenesis to prepare several variants of cystalysin with single and double replacements at putative active site residues. The purified variants were homogeneous as indicated by a single band on SDS-PAGE with a mobility identical to that of the corresponding to wildtype protein. Yields of the mutant enzymes after the standard purification were ∼ 70% with respect to that of the corresponding to wild-type. The effects of amino acid substitution on the catalytic properties have been determined in order to evaluate the function of these residues and to gain insight into the mechanism of catalysis. Since the reactions catalyzed by cystalysin proceed through chromophoric intermediates formed between PLP and ligands, we have also examined the effects of amino acid replacement on the spectra of enzyme-ligand intermediates.
To test the structural integrity of the cystalysin mutants, we measured their circular dichroism (CD) spectra in the far-UV region. No differences have been observed between the spectra of the mutated and the wild-type forms of cystalysin, which indicates that the mutations do not affect the overall secondary structure of cystalysin (data not shown). respectively. This suggests that the microenvironment of the internal aldimine in the Tyr-123 mutants enzymes is slightly different than that in the wild-type enzyme. For comparison, the absorbance and CD spectra of apoK238A reconstituted with PLP previously reported (4) are also included in Fig. 1A and B, respectively. The fluorescence of Tyr-123 and Tyr-124 mutants is similar to that of wild-type. It is of interest that the intensity of the PLP emission fluorescence (exc. 418 nm) of Y123F and Y123F/Y124F mutants is 10-fold higher than that of the wild-type cystalysin (data not shown).
Spectroscopic properties of
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Enzyme activities of Lys-238, Tyr-123, and Tyr-124 mutants -Steady-state kinetic studies for the primary reaction (α,β-elimination) and for alanine racemase and transaminase activities were performed on the mutant enzymes and compared with those of wild-type. While, as already reported (4), the K238A mutant is inactive in the α,β-elimination of β-chloro-L-alanine, Y123F, Y124F and Y123F/Y124F mutants display, to varying extents, significant eliminase activity. A summary of the resulting steady-state parameters obtained for the α,β-elimination reaction toward β-chloro-L-alanine is listed in Table 1 . For both Y123F and Y123F/Y124F mutants, the K m s were approximately 10-fold lower with respect to wild-type. Furthermore, the observed k cat s decrease by 25-and 40-fold for Y123F
and Y123F/Y124F, respectively, compared to the wild-type enzyme, resulting in a ∼ 3.5-fold reduction of the catalytic efficiency (k cat /K m ). As seen in Table 1 , a slight increase was observed in the K m and k cat values for Y124F leading to a 50% reduction of the catalytic efficiency with respect to wild-type. The results indicate that, unlike residue Lys-238, the residues Tyr-123 and Tyr-124 are not critical for the α,β-eliminase activity catalyzed by cystalysin.
The kinetic parameters determined for alanine racemase activity reveal that while alteration of Considering that under these conditions L-alanine is produced in amounts less than 0.1K m , it can be assessed that most of PMP produced is due to transamination of D-alanine rather than transamination Like wild-type, K238A and Y123F apomutants are able to convert the PMP form of the enzyme back into the PLP form in the presence of pyruvate. The kinetic parameters for this reaction are listed in The apparent K d for dissociation of PLP from wild-type and K238A mutant has been previously found to be 6.6 ± 0.1 (2) and 70 ± 16 nM (4), respectively.
Absorption and CD spectral changes of K238A, Y123F and Y124F mutants with L-and D-alanine-
As reported previously, binding of both alanine enantiomers to wild-type cystalysin leads to the Binding of L-alanine to Y123F results in mixtures of external aldimine and quinonoid species, absorbing at 421 and 499 nm, respectively. The 421 nm band decreases with time and concomitantly an absorbance band at 325 nm increases, whereas the absorbance at 499 nm does not show appreciable changes (Fig. 3A) . On the other hand, upon addition of D-alanine to Y123F an absorbance band at 422 nm appears (Fig. 3A) . No detectable changes could be observed during 7-hours of reaction; this is consistent with the extremely low conversion of PLP-bound into PMP (see above). Unlike the wildtype enzyme, the Y123F variant shows a positive CD band at 420 nm on the interaction with both isomers of alanine (Fig. 3B ).
When the reaction of the Y123F/Y124F variant with L-or D-alanine was examined, the spectral changes observed were qualitatively identical to those of Y123F. Like the wild-type, the Y124F variant exhibits absorbance changes upon addition of both enantiomers of alanine consisting in an immediate appearance of absorbing bands at 429 and 500 nm which decrease with time with the concomitant increase of an absorbance band at 325 nm (data not shown). The latter data could also be explained by the less favourable hydrophobic environment contributed from the Phe-123 residue (Fig.4A ). for the wild-type enzyme); again, W733H shifts from its original position; nevertheless, the extent of this displacement is lesser, compared to the modelled interaction with L-alanine (4.9 Å from Phe-123) (Fig.4B ). On the basis of the above results and considerations, the attribution of the functional role as a acid-base catalyst to a group on the re face of the cofactor remains problematic in that either Tyr-123 or water molecules represent possible candidates. The X-ray structure of alanine racemase shows that two active site residues are well positioned to act as acid-base catalysts. These are Tyr-265' and Lys-39, which lie on opposite faces of the coenzyme and are close to the Cα in the external aldimine from alanine phosphonate (7) and in the two isomeric phosphopyridoxylalanine structures (14) . It has been demonstrated by mutagenesis that these are the two acid/base catalysts in a two-base racemization mechanism (8, 9) . The Y265A variant has been found to be 1000-fold less active than the wild-type enzyme, while the K39A variant was shown to be completely inactive. The reduced racemase activity displayed by Y265A variant has been ascribed to the substitution of the hydroxide ion in solvent water for an appropriate proton transfer catalyst of the enzyme.
Molecular modelling-

It appears that
In the case of cystalysin, mutation of Lys-238 results in the complete loss of racemase activity, while mutation of Tyr-123 causes a 200-fold reduction of this activity. water molecule was identified to be in contact with both substrate and inhibitor, in both active sites, with the possible function of bridging residues in both active sites (15) . In a second case, a water molecule was determined to sit on the putative substrate binding site of D-amino acid aminotransferase (16) . In aromatic amino acid aminotransferase, water molecules are present to form a hydrogen bond network (17) . However, in all these enzymes water molecules are believed to play no catalytic roles rather they seem to contribute to the binding of the substrate. On the other hand, for the K258H variant of aspartate aminotransferase (18) suggested to represent excellent candidates for protonation of external aldimine of threonine aldolase with glycine (19) . A water molecule has been already proposed to lie a on the re side of the coenzyme-substrate adduct and to serve as the acid/base catalyst during the racemization catalyzed by aspartate aminotransferase (20) . In this regard it is noteworthy that racemization of cystalysin and aspartate aminotransferase occurs with k cat values lower than the k cat value of alanine racemase by approx. 10 3 -and 5 × 10 7 -fold, respectively. These data could suggest that when hydroxide ion in solvent water is functionally substituted for an appropriate proton transfer catalyst of the enzyme, racemization takes place with a lower efficiency. Therefore, we advance the idea that a water molecule could be more likely implicated in racemizations catalyzed by PLP-enzymes as sidereactions rather than in alanine racemases.
Another possibility to be considered is that Tyr-123 might play a direct role in the proton abstraction/donation at Cα/C4' on the re face of the cofactor in the wild-type cystalysin and it could be replaced by a water molecule in Tyr-123 mutants.
At present, since solid conclusions about the role of Tyr-123 and water molecule in catalysis cannot be drawn, it is reasonable to propose that water molecules and their hydrogen bond interactions with Tyr-123 in the active site of cystalysin would be required to perform efficiently the proton abstraction/donation function on the re face of the cofactor. Nevertheless, all these data support a twobase racemization mechanism, regardless of the exact identity of the re face catalyst. To our knowledge, this represents the first evidence for the occurrence of proton removal and addition by a two-base mechanism in a PLP-enzyme belonging to fold-type I. In fact, up to now a single base "swinging door mechanism" has been demonstrated to occur for the alanine racemase reaction catalyzed by serine hydroxymethyltransferase (21) and tyrosine phenol-lyase (22) .
Legends to Figures   FIG. 1 An asterisk indicates a residue contributed from the other monomer. This figure was rendered using pyMOL (23). 
